The protein forms of transporter associated with antigen processing, subunit 2 (TAP2), differ either by amino acid substitutions (Thr374Ala, Ile379Val, Ile467Val, Thr565Ala, Val577Met, Cys651Arg, and Ala665Thr) or by a truncation (Gln687Stop) of 17 amino acid residues at the C-terminus. Nonsynonymous single nucleotide polymorphisms (N-SNPs) causing these amino acid variations except 577Val were detected in genomic DNA samples from North American Caucasians (n = 76), Brazilians (n = 148), Rwandans (n = 285), and Zambians (n = 117). Exclusive (100%) and nearly exclusive (Ͼ95%) linkage disequilibrium was seen with a number of N-SNPs. The average heterozygosity at any given dimorphic site ranged from 7.3% to 44.6%, and at least four N-SNPs showed clear population specificity. N-SNP combinations alone led to the identification of 16 relatively common alleles, which appeared to form at least three lineages. Further analyses of 101 cDNA samples from Brazilians detected nine expressed TAP2 alleles, four of which matched the official assignments. Genetic complexity at the TAP2 locus was further enhanced by two out of five synonymous SNPs (S-SNPs), especially the GGT386GGG (Gly) that had similar heterozygosity rates in Caucasians (28.9%), Rwandans (33.3%), and Zambians (33.3%). Overall, distribution of both synonymous and nonsynonymous SNPs in the various ethnic groups examined here conformed well to the Hardy-Weinberg equilibrium, and between 57.9% and 77.0% of subjects in each ethnic group were heterozygous with two TAP2 alleles predicted to differ by at least one amino acid residue. Such complexity of TAP2 polymorphisms, in the form of SNPs as well as alleles, is likely to complicate the analyses of disease associations and haplotype structures in the HLA class II region. Genes and Immunity (2001) 2, 32-40.
Introduction
As important chaperones and peptide transporters in the HLA class I antigen presentation pathway, the transporters associated with antigen processing (TAP) have been well studied in relation to immunological specificity. [1] [2] [3] In general, two subunits, TAP1 and TAP2, function as a heterodimer, with each subunit containing seven to eight N-terminal segments spanning the membrane of endoplasmic reticulum, along with a C-terminal domain that binds ATP in the cytosol. [2] [3] [4] [5] [6] [7] The multiple domains for binding peptides and those interacting with calnexin, tapasin, and the class I/beta 2-microglobulin (␤2m) com- plex have also been carefully mapped. [5] [6] [7] [8] [9] [10] [11] [12] Homodimers of TAP1, TAP2, and oligomers of TAP1-TAP2 complex are also potentially functional. 13 For example, induction or transfection of TAP1 alone enhances or restores the expression of class I molecules otherwise underexpressed on tumor cells. 14, 15 Description of single nucleotide polymorphisms (SNPs) at the human TAP2 locus (also known as PSF2, RING11, Tap2, or TAP-2) [16] [17] [18] [19] [20] and documentation of functional distinctions for TAP variants in rats and Syrian hamsters [21] [22] [23] have led to the investigation of their potential roles in multiple human diseases, [24] [25] [26] [27] [28] [29] [30] [31] transplantation, 32, 33 and vaccine response. 34 The findings are largely inconsistent, especially when distinct ethnic groups are compared. 35 More recently, TAP2 variants in combination with HLA class I alleles have been shown to mediate the rates of HIV-1 disease progression. 36, 37 The tight linkage disequilibrium between TAP2 alleles and those in the neighboring class II loci including DQB1 and DRB1 18, [38] [39] [40] is often used to imply that TAP2 effects observed in epidemiological studies may just signify the involvement of additional molecules or their combinations on the extended haplotypes. [41] [42] [43] However, there is evidence that TAP2 variants At the amino acid sequence level, TAP2 alleles can be defined by eight nonsynonymous SNPs (N-SNPs) at codon positions 374 (Ala↔Thr in exon 5), 379 (Val↔Ile in exon 5), 467 (Val↔Ile in exon 7), 565 (Ala↔Thr in exon 9), 577 (Met↔Val in exon 9), 651 (Arg↔Cys in exon 11), 665 (Thr↔Ala in exon 11), and 687 (Stop↔Gln in exon 11). The actual number of alleles involving these N-SNPs has not been sufficiently examined. To date, four TAP2 alleles have been officially assigned by the WHO Nomenclature Committee for factors in the HLA system, 45 while 10 TAP2 alleles are anticipated by the 12th IHWC TAP Workshop. Unofficial designations (local names) are often used to describe alleles sharing specific N-SNPs, creating great difficulty in comparing TAP2-associated experimental or epidemiological effects. In this study, we examined eight TAP2 N-SNPs and five synonymous SNPs (S-SNPs) in four ethnic groups in order to define the common alleles, and to identify potentially informative SNPs and alleles for future studies.
Results

TAP2 SNPs and allele structure
Between 1994 and 2000, 626 genomic DNA samples derived from North American Caucasians, Brazilians, Rwandans, and Zambians were typed for TAP2 polymorphisms using a combination of PCR-based techniques including single-strand conformation polymorphism (SSCP), restriction fragment length polymorphism (RFLP), nucleotide sequencing, and PCR with sequence (ie, SNP)-specific primers (SSP). The TAP2 coding region was found to carry seven nonsynonymous single nucleotide polymorphisms (N-SNPs) that collectively produced 16 alleles (Figure 1) . Six of the TAP2 alleles (indicated by arrow heads) were assigned unambiguously on the basis of repeated observations of homozygous genotypes, while others could be established in heterozygous individuals following SSCP and PCR-SSP that linked specific SNP sites in the same or different exons. Four alleles (Figure 1 , underlined) matched those recognized by the WHO Nomenclature Committee for factors in the HLA system. 45 Temporary designations were given to other alleles, with considerations being given first to the adoption of nomenclature proposed in previous work (Table  1) or by the 12th International Histocompatibility Workshops (IHWC). However, neither local names nor IHW nomenclatures fully covered the N-SNP sites or their combinations defined in our genotyping scheme. As a result, our temporary designations ( Figure 1 ) could not be reliably related to any official or other consensus assignments available.
Five synonymous SNPs (S-SNPs), apart from codon 163 (Val-GTC to Val-GTT, not targeted), were also examined: 386GGG to GGT (Gly), 436AAC to AAT (Asn), 458GGG to GGA (Gly), 466GGG to GGA (Gly), and 697GTG to GTT (Val) (at each site the predominant sequence is listed first) (Figure 1 ). These sites were not included in the allele nomenclature. A rare variant, 513Ala (GCT) to Ser (TCT) in exon 8, was detected in one of the 76 Caucasian samples. The same individual would be carrying *0101 and *0102 if the 513Ala/Ser site were excluded.
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Consistent with our previous analyses of Rwandan and Zambian samples, 39 several N-SNPs and S-SNPs were always found on the same chromosome, making no independent contribution to the allelic diversities. For example, exclusive (100%) linkage disequilibrium was seen for 467Ile with four other sites: 374Thr, 458Thr (ACA), and 466Gly (GGA); for 651Cys with two additional sites: 665Thr, 687Stop; for 379Ile with 374Ala; for 436Asn (AAT) with 665Ala-687Gln-697Val (GTT), and for 436AAT with 467Val. The 374Ala was more frequent than 379Ile, and a proportion of 374Ala-related sequences did not carry 379Ile. On the other hand, nearly mutually exclusive (Ͼ95%) linkage disequilibrium was observed between 665Thr-687Stop and 665Ala-687Gln.
The N-SNPs were differentially distributed among the four ethnic groups: Caucasians lacked the 374Thr, 467Ile, and 565Thr; Rwandans, 565Thr; and Zambians, 651Cys ( Table 2 ). The 565Thr (TAP 2D) was also absent in Nigerians. 46 In contrast, all seven N-SNPs were found in Brazilians at a higher or intermediate frequency compared with Caucasians and Africans.
The average heterozygosity at each N-SNP site ranged from 7.3% to 44.6% (Table 2) , while the overall heterozygosity defined by the 7 N-SNP sites in TAP2 was 57.9% in Caucasians, 77.0% in Brazilians, 71.6% in Rwandans, and 63.2% in Zambians, all of which closely fit HardyWeinberg equilibrium. Greater TAP2 heterozygosity in Brazilians compared with other groups probably reflected frequent racial admixture among local Caucasians, Blacks, and Hispanics. Heterozygosity at N-SNPs in about 20-25% of samples in each ethnic group did not allow the reliable assignment of allele pairs or portrayal of allelic distributions.
TAP2 alleles defined by seven N-SNPs in the four ethnic groups could be split further by S-SNPs at codons 386 and 436. In particular, complete equilibrium between GGT386GGG, I379V, A665T, and Q687Stop further separated a number of protein-coding alleles into pairs of nucleotide sequences. In contrast, AAC436AAT only split the alleles carrying 665Ala-687Gln-697Val (GTT) because of tight linkage disequilibria.
Analyses of TAP2 cDNA sequences PCR-SSP analyses of cDNA samples from 101 Brazilians also identified 7 N-SNP sites (Table 3) . Previous genotyping of a subset of 22 genomic DNA samples yielded identical results. Linking SNP sequences by RT-PCR greatly simplified the procedure for allele assignment, but the alleles in 20 (19.8%) heterozygous genotypes (arrows) still could not be resolved. For the rest of samples, 13 different genotypes could be attributed to nine different alleles. Seven additional alleles (*01G, *01H, *02B, *02F, * 03A, and *04A) detected in genomic DNA ( Figure 1 ) did not arise from these samples. The homozygosity and heterozygosity rates at each polymorphic site did not differ from the expected frequencies, suggesting again that their distributions conformed to Hardy-Weinberg equilibrium.
Attempts to fully assemble TAP2 allelic sequences Detection of six homozygous TAP2 genotypes in various ethnic groups provided an opportunity to define two new alleles by direct sequencing without cloning; one of such alleles was also seen in TAP2 typing of homozygous cell lines (L Louie et al, unpublished). Sequencing of Figure 1 Characterization of major TAP2 alleles defined by nonsynonymous single nucleotide polymorphisms (N-SNPs). The TAP2 gene consists of 11 exons (boxed and drawn to approximate scale). A recombination hot spot has been mapped to intron 2 region. 55, 84 The ATG translation initiation codon starts at nucleotide position 40428 on the extended genomic sequence (GenBank accession number X66401). Depending on the nucleotide sequence at codon 687, the stop codon in exon 11 can be either 687TAG (49753 to 49755) or 704TGA (49804 to 49806). The seven N-SNP sites (shown in seven-digit numbers) were commonly encountered in four ethnic groups. The predicted amino acid residues (in single-letter codes) are also shown, with codon positions defined by three-digit numbers. At each position the less common nucleotide (for S-SNPs) and amino acid sequence (for N-SNPs) is underlined. Open bidirectional arrows indicate nonconservative amino acid substitutions. Boxed N-SNPs are exclusively linked, with rare exceptions (by arrows). In addition, five synonymous SNPs (S-SNPs, in parentheses) are also defined. Meanwhile, the 577Val (Bky2) variant found earlier in Japanese 58 could not be detected here.
genomic and cDNA was performed for the cell line AWELLS, and genomic sequencing only was done for a single Rwandan individual bearing homozygous 374Thr and 467Ile variants. Alignment of exon 5 to exon 6 sequences further revealed polymorphisms in intron 5 (GenBank accession numbers AF100416 and AY007425). Thus, identical TAP2 mRNA or cDNA sequences could be encoded by very different genomic sequences.
Evolutionary relationships of TAP2 alleles
Complete TAP2 sequences have been described for the mouse (Mus musculus), 47 rat (Rattus norvegicus), 48 quail (Coturnix japonica), 49 chicken (Gallus gallus), 50 Atlantic salmon (Salmo salar), 51 rainbow trout (Oncorhynchus mykiss), 52 frog (Xenopus laevis), 53 as well as gorilla (Gorilla gorilla). 54 Partial sequences are further available for the common chimpanzee (Pan troglodytes), 55 cattle (Bos taurus), 56 and zebrafish (Danio rerio). 57 Overall, all species carry TAP2 alleles у 699-703 amino acids in length, while some humans carry alleles with only 686 amino acids. Alignment of TAP2 codon sequences that differ within and between humans and gorillas were used to produce phylogenetic trees (data not shown). In the absence of adequate informative sites among the various human TAP2 alleles, both maximum likelihood and neighborjoining trees identified three allelic lineages, with the *01 group including three officially assigned alleles (*0101, *0102, and *0103), and the *02 group with a single official allele (*0201). Allele *03A was placed much deeper in the tree than any other human alleles, while the placement of the allele *04A differed between the two methods used. Designations of various TAP2 alleles without official assignments were solely based on these preliminary phylogenetic analyses, which offered generally weak support for the various clades and their internal topologies. Overall, allele *03A appeared to be the most ancestral human TAP2 allele, but the relationships among other alleles within each group were poorly resolved.
Discussion
TAP2 typing in four ethnic groups yielded 16 alleles predicted to carry different combinations of amino acid sequences defined by seven dimorphic sites alone. While some alleles (eg, *0101, *0201) were common regardless of ethnic background, others were present in low fre- quency only in some ethnic groups. Such distinct population specificity may further apply to the TAP2-577Val variant commonly found in Japanese. 58 A systematic documentation of TAP2 polymorphisms should benefit direct comparison of experimental and epidemiological findings based on different ethnic groups. However, the complexity of TAP2 polymorphisms, as reflected by the degree of heterozygosity in the coding and non-coding sequences, poses great difficulties in such efforts. A more selective genotyping of major TAP2 N-SNPs based on their frequencies may become an effective approach in the early stages of studies.
Mechanisms responsible for the generation of such complex TAP2 polymorphisms are probably similar to those recognized for classic HLA genes: point mutation and gene conversion coupled with balancing selection. 59, 60 For example, the 467Ile variant in human TAP2 has shown exclusive linkage disequilibria with two additional synonymous nucleotide substitutions at codons 458 and 466 in the same exon, but no other intermediate alleles were detected. Such phenomenon is strongly indicative of gene conversion/recombination, which has been recognized as a driving force for HLA allele and haplotype diversities, [61] [62] [63] [64] with pseudogenes and probably paralogous genes serving as the potential source of donor sequences.
65 TAP2 pseudogene and
Genes and Immunity TAP2-like sequences have been repeatedly detected in humans (eg, GenBank sequence AF097669), 65 rats, 66 and Xenopus. 53 Indeed, salmon and rainbow trout carry two separate TAP2 loci (TAP2A and TAP2B). 51, 52 Both TAP2 genes appeared to be polymorphic and transcribed, although the locus linked to MHC was expressed at a much higher level than the homologue not linked to MHC. 52 Recombination is often associated with CpG-rich regions 67 and further requires signal sequence motifs; 68 some of the candidates have been mapped within the TAP2 locus, and probably explain the recombination hot spot in intron 2. 55, 68 More definitive data may lie in TAP2 intronic sequences. 69 The relationships between TAP2 polymorphisms and function of the TAP1/TAP2 heterodimer are debatable. Initial experimental data have largely rejected the likelihood of functional distinctions caused by human TAP2 polymorphisms. 70 Examination of various ethnic groups further suggested that the distribution of TAP2 variants does not appear to the result of vigorous selection. 71 However, the evidence has been limited to: (1) analyses based on few TAP2 proteins and their TAP1 partners commonly found in Caucasians; (2) in vitro studies of cell lines with restricted/modified functions; and (3) only a subset of the possible TAP2 SNPs. The complexity of TAP2 polymorphisms, as implied in our identification of a At each codon position the less common amino acid or nucleotide sequence is listed first and/or underlined as defined in Figure 1 .
b P = 0.185 compared with the expected frequency. For all other sites P Ͼ 0.559 based on Mantel-Haenszel 2 tests. 
a Linked by PCR using SNP-specific primers. b Seven alleles (*01G, *01H, *02B, *02E, *02F, *03A, and *04A) could not be detected unambiguously among these samples.
multiple TAP2 alleles other than those bearing official assignments, questions any assumption in the nonCaucasian groups. For example, mutagenesis of human TAP2 sequences to mimic polymorphisms observed in rats has revealed a critical role for the 374 position in mediating peptide transport specificity. 72 On that basis, the naturally occurring Thr374Ala in Africans and Brazilians deserves particular attention. It is also interesting that the truncation of TAP2 protein at codon 687 occurs only in humans and not in any other vertebrates. TAP2.3 (=665Ala), the variant rarely found in the truncated TAP2 molecules, has been shown in three cohort studies as one of the factors contributing to delayed disease progression among HIV-1-infected Caucasians. 36, 37 The same epidemiological studies also highlight the importance of HLA class I and TAP combinations and/or interactions, which are coherent with the antigen presentation pathway but have largely escaped the attention of most investigators. ). A homozygous typing cell line (AWELLS) was used to define the complete coding sequence of a common TAP2 allele.
Subjects and methods
Subjects
DNA samples
Genomic DNA was prepared from buffy coats, purified peripheral mononuclear cells, or immortalized B cell lines using the standard salting out technique and the QIAamp blood kit (QIAGEN Inc., Chatsworth, CA, USA). All DNA samples were diluted to 150-200 ng/l and stored at 4°C in TE buffer (10 mm Tris-HCl, pH 8.0, 2 mm EDTA) before use.
PCR primers
The oligonucleotides used in this study included: (1) 12 pairs to amplify 11 exons for single-strand conformation
Genes and Immunity polymorphism (SSCP) analyses and sequencing; 39 (2) 24 additional oligos for specific amplification of TAP2 sequences carrying individual SNPs (Table 4 ). The same 24 oligos along with several other internal ones (not shown) also served as the sequencing primers. In addition, when cDNA served as the templates, PCR with combinations of the SNP-specific primers was able to link T374A, I379V with I467V, as well as T565A, C651R with A665T. Haplotyping using the SNP-specific primers was also possible, but the PCR conditions outlined below required further modifications (available upon request).
Characterization of TAP2 variants
Segments (146-313 bp in size) of TAP2 exon sequences amplified by PCR were first analyzed by single-strand conformation polymorphism (SSCP), followed by selective sequencing, and restriction digestion with appropriate endonuclease as described earlier. 39 PCR-based classification of SNPs and their combinations further relied on the use of control and SNP-specific primers. Briefly, each PCR mix (10 l) consisted of 1× buffer C (60 mm Tris-HCI, pH 8.5, 15 mm (NH 4 ) 2 SO 4 , 2.5 mm MgCl 2 ), 50-70 ng of genomic DNA, 0.3 units of AmpliTaq polymerase (Fisher Scientific, Norcross, GA, USA), 120 nm of each control primer, 250 nm each of specific primer, 0.4 mm each of dGTP, dCTP, dTTP and dATP, 10% (v/v) glycerol, and 0.02% cresol red. PCR cycling began with 10 higher-stringency cycles of denaturing at 95°C for 25 s, annealing at 65°C for 45 s, and extension at 72°C for 45 s; it was followed by 22 more lower-stringency cycles of denaturing at 95°C for 25 s, annealing at 61°C for 40 s, and extension at 72°C for 40 s. Half of each PCR reaction product was loaded directly to 1.5% agarose gel for electrophoresis, and the banding patterns were recorded on photographs of ethidium bromide-stained gels.
Analyses of TAP2 allelic transcripts
A subset of 101 complementary DNA (cDNA) samples derived from Brazilians and another cDNA from AWELLS homozygous cell line were analyzed to define the structure of transcribed TAP2 alleles. Procedures for mRNA extraction and reverse transcription (RT) have been described elsewhere. 78 RT-PCR amplification of cDNA sequences followed protocols similar to those used for amplifying genomic DNA, except that AmpliTaq was replaced by Platinum Taq (GIBCO BRL Life Technologies, Grand Island, NY, USA) to facilitate the hot-start PCR, and that the lower-stringency cycle number was increased from 22 to 27.
Phylogenetic analyses
The phylogenetic relationships among human TAP2 alleles detected in various ethnic groups were analyzed using subsets of software in the PHYLIP packages. 79 Two TAP2 sequences from gorillas (Gorilla gorilla) 54 served as the outgroup. The final sequence alignment included only 11 codon sequences carrying N-SNPs and two codons (458, 697) with S-SNPs that were exclusively linked to one or more N-SNPs within and across species. Concordance in topology between maximum likelihood and neighbor-joining trees was treated as indicative of the most likely evolutionary relationships.
